Studies of feeding behavior in genetically tractable invertebrate model systems have been limited by the lack of proper methodology. We introduce the Capillary Feeder (CAFE), a method allowing precise, real-time measurement of ingestion by individual or grouped fruit flies on the scale of minutes to days. Using this technique, we conducted the first quantitative analysis of prandial behavior in Drosophila melanogaster. Our results allow the dissection of feeding into discrete bouts of ingestion, defining two separate parameters, meal volume and frequency, that can be uncoupled and thus are likely to be independently regulated. In addition, our long-term measurements show that flies can ingest as much as 1.7؋ their body mass over 24 h. Besides the study of appetite, the CAFE can be used to monitor oral drug delivery. As an illustration, we used the CAFE to test the effects of dietary supplementation with two compounds, paraquat and ethanol, on food ingestion and preference. Paraquat, a prooxidant widely used in stress tests, had a strong anorexigenic effect. In contrast, in a feeding preference assay, ethanol-laced food, but not ethanol by itself, acted as an attractant.
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appetite ͉ feeding ͉ ingestion ͉ preference U nderstanding the physiology and regulation of appetite is an indispensable step in tackling biomedical problems such as obesity and feeding disorders. Invertebrate model systems have provided invaluable mechanistic insight into the genetic control of various biological and pathological processes, but have contributed relatively little to the understanding of the genetic underpinnings and neuronal circuitry of appetite regulation. This dearth is largely due to the limits of the available methodology. In both Caenorhabditis elegans and Drosophila melanogaster, feeding behavior is often inferred from qualitative parameters such as the amount of time spent on a given food source or the percentage of animals from a population seen eating or simply loitering on the medium at a given time (1) (2) (3) . A more direct method, widely used in the nematode, is the pharyngeal pumping rate, which assumes a constant ingestion volume per pharyngeal contraction (4) (5) (6) . In Drosophila, food can be labeled with nonabsorbable dyes (6, 7) or radioactive isotopes (8) (9) (10) (11) (12) , but these techniques also have several limitations. Dyes progress rapidly through the digestive tract, precluding long-term measurements. Isotope labeling, on the other hand, permits longterm recordings but does not distinguish between ingestion and intestinal absorption, leading to permanent tissue incorporation. Most importantly, labeling methods require killing the flies for each measurement, making it impossible to continuously monitor the behavior of individual animals.
We describe a method allowing unambiguous recording of food ingestion in individual or groups of flies on the scale of minutes to the entire lifespan. Monitoring ingestion at short, 10-min intervals permitted the delineation of single meals. By modulating nutrient composition, we show that the parameters of meal volume and frequency are under independent control. In addition, we illustrate the usefulness of the Capillary Feeder (CAFE) for drug delivery.
Results and Discussion
Inspired by the work of Dethier with the blowfly Phormia regina (13, 14) , we developed the CAFE, an assay allowing precise, continuous quantitation of actual ingestion in individual Drosophila. In the CAFE, flies consume liquid food from a graduated glass microcapillary (Fig. 1) . Descent of the meniscus is clearly visible, allowing continuous, unambiguous measurement of consumption. This method obviates the need for food markers and the commonly used supportive ingredients, such as cornmeal and agar. Because the capillaries can be replaced as needed, with minimal disturbance to the animals, it is possible to monitor real-time ingestion for periods ranging from minutes to the entire lifespan.
Although much attention has been devoted to the analysis of appetite, most studies have focused on total ingestion. Prandiology, the study of specific parameters such as the size and frequency of meals, has been neglected, despite the central role played by prandial habits in the physiopathology of obesity, hypercholesterolemia, and heart disease (15) . Because the sensitivity of the CAFE makes it possible to monitor ingestion on the scale of minutes, we studied the short-term feeding pattern of individual flies. This analysis revealed discrete feeding events (meals) separated by intervals of no consumption ( Fig. 2A) . With a regimen of 5% sucrose ϩ 5% autolyzed yeast extract, we recorded an average meal volume of 0.096 Ϯ 0.008 l at a frequency of 0.65 Ϯ 0.08 meal/h (Fig. 2C) .
We next asked whether meal size and frequency can be uncoupled by manipulating food composition. Male flies feeding on a 5% sucrose solution, with no yeast extract added, showed a meal frequency similar to that of flies fed sucrose ϩ yeast (average ϭ 0.58 Ϯ 0.14 meal per h, P ϭ 0.64) ( Fig. 2 B and C) . In contrast, average meal volume increased by 56% (0.15 Ϯ 0.02 l, P Ͻ 0.003) (Fig. 2C) . Hence, Drosophila feeding behavior is a function of at least two discrete, independently regulated components. It should therefore be possible to isolate mutants affecting each feeding parameter separately.
The CAFE can be used to record ingestion continuously over an extended period. We monitored individually housed male flies fed 5% sucrose ϩ 5% autolyzed yeast extract over a 5-day period (Fig. 3A) . Flies consumed a daily average of 1.5 Ϯ 0.04 l, an impressive 1.7ϫ their body mass. This value varied between 1.3 and 2.3 l per day per fly in different experiments. The rate of ingestion varies during the 12-h light/dark periods (data not shown). Approximately two-thirds of the daily total ingestion occurs during the light period. The linearity of the long-term accumulation patterns in Fig. 3 is due to the individual measurements being made twice daily, once during the mid-light and the other during the middark periods, and therefore does not reveal the circadian rhythm.
In Drosophila, social interaction can influence courtship, aggression behavior, and sleep patterns (16, 17) . We compared the ingestion by flies housed individually, in pairs, or in groups of four or eight animals per CAFE. Average ingestion per fly was identical in all groups ( Fig. 3B ), suggesting that, under the conditions used, food consumption in the CAFE is not significantly influenced by the presence of conspecifics or competition for food access. When three flies were housed per chamber, changing the number of capillaries between one and three did not influence total feeding (Fig. 3C) , supporting the conclusion that, under these experimental conditions, the amount of and access to the food source are not limiting.
To feed in the CAFE, flies must climb onto the glass capillary and descend to reach the tip (Fig. 1B) . Access to the medium can therefore be more strenuous than that under ordinary laboratory conditions, where flies stand on abundant solid food. We asked whether ease-of-access to the nutrient source influences ingestion volume by varying the distance between the capillary tip and the top of the chamber, on which the flies tend to accumulate and wander. For one group, the capillary opening was set immediately below the pipette tip, i.e., 4 mm below the cap (Fig. 1 A) , allowing the flies to feed without having to climb down on the capillary. In a second group, the tip was placed 6.5 mm below the cap (the default condition used in all other experiments reported here), whereas a third group had the tip placed 16.5 mm below. These variations in capillary height had no effect on ingestion rates (Fig. 3D ). Under all conditions tested, the flies were never observed to jump or fly directly onto the capillary, instead choosing to walk from the cap onto the glass surface and treading its length to reach the opening. The conditions of the CAFE are therefore unlikely to inhibit feeding by reducing food accessibility.
Pharmacological treatments are a hallmark of behavioral and metabolic studies in Drosophila (18) (19) (20) . The CAFE represents a significant advance for oral drug delivery, because it minimizes the amount of material required, while confirming actual ingestion and monitoring possible effects of the drug on appetite. To illustrate this application, we tested the effect of paraquat, a prooxidant drug commonly used in stress resistance tests. We compared the intake of animals offered a 5% sucrose solution with or without 20 mM paraquat. Over a 12-h period, the flies fed paraquat-laced food consumed 75% less than controls (0.23 Ϯ 0.06 and 0.88 Ϯ 0.16 l, with or without paraquat; P ϭ 0.01) (Fig. 4A) . Moreover, monitoring prandial behavior during the first 6 h showed a decrease in average meal size from 0.15 Ϯ 0.02 to 0.05 Ϯ 0.02 l with paraquat (P ϭ 0.007) (Fig. 4B) . Throughout the 12-h period, flies retained their climbing ability, and paraquat-induced death did not begin until 36 h (data not shown). The observed difference in intake thus suggests a bona fide anorexigenic effect of the compound, rather than nonspecific morbidity. These results stress the importance of taking into account actual ingestion upon oral administration of drugs, which are typically added to solid food. can be decoupled by modulating nutrient conditions. On 5% sucrose, average meal size increases, whereas meal frequency is unchanged; 5% sucrose ϩ 5% yeast extract: n ϭ 10 flies, 52 meals; 5% sucrose: n ϭ 4 flies, 18 meals. All values are given as averages Ϯ SE. * , P Յ 0.01, two-tailed t test.
Alcoholism is a notorious health problem with major social and economic consequences. Epidemiological data indicate that 13.5% of the population in the United States suffers from alcohol abuse dependence (21) . Elucidating the mechanisms of alcohol intoxication and addiction are, therefore, outstanding biomedical goals. In recent years, Drosophila has become a prominent model system for the study of drug physiology, with a significant number of studies centering on the effects of ethanol (18, 22, 23) . However, most studies have relied on ethanol vapor, which may bear differences from oral ingestion. The CAFE readily lends itself to studies of feeding facilitation. We therefore set out to develop a protocol for oral administration of ethanol by using the CAFE. We continuously monitored the consumption of 5% sucrose ϩ 5% autolyzed yeast extract supplemented with various concentrations of ethanol over 4 days. A 1% supplement had no effect on feeding, but adding 5 or 15% ethanol resulted, respectively, in 14% and 33% lower overall consumption (Fig. 5A ). This effect seems relatively modest in light of the high caloric content of ethanol: The presence of 5% and 15% ethanol, respectively, doubles and quadruples the total caloric value of the medium (medium alone ϭ 279 kcal/liter, medium ϩ 5% ethanol ϭ 555 kcal/liter, and medium ϩ 15% ethanol ϭ 1,107 kcal/liter; see Materials and Methods). This finding may suggest that flies only absorb and/or metabolize a fraction of the ethanol they ingest. Alternatively, caloric content may not be the main determinant of feeding rate in Drosophila. In any case, our work establishes a method for oral administration of ethanol to Drosophila over extended periods of time.
We next asked whether ethanol represents an attractive or aversive stimulus when presented acutely. In the absence of food, flies ingested a negligible amount of ethanol in any of three concentrations [1%, 10%, or 50% (vol/vol)], even when housed in the CAFE up to 24 h and therefore under considerable nutrient deprivation (Fig. 5B) . Similarly, pure water was ingested in remarkably small amounts over the same period (Fig. 5B) . This is attributable to the high humidity maintained in the chambers because flies starved in a nonhumidified CAFE (with no water in the outer chamber) showed significantly increased ingestion of pure water from the capillaries (Fig. 5C ). These results demonstrate that ethanol alone does not represent a particularly attractive stimulus. Together with the long-term (D) Capillary depth has no effect on food ingestion. Four flies were used per CAFE, with the capillary tip placed 4 mm, 6.5 mm, or 16.5 mm below the top of the chamber, respectively (Fig. 1 A) . Average consumption was 2.2 Ϯ 0.2, 1.9 Ϯ 0.1, and 1.8 Ϯ 0.1 l per day per fly, respectively (R 2 Ͼ 0.99; ANOVA P ϭ 0.26). In all experiments, 5% sucrose ϩ 5% autolyzed yeast extract was served. All values are given as averages Ϯ SE. results (Fig. 5A) , which suggest that it is not particularly aversive either, this result raised the possibility that flies are unable to detect ethanol. As a more stringent test of this scenario and of the valence of this substance, we conducted a feeding preference test in which flies were offered a choice between medium with or without a 15% ethanol supplement in two separate capillaries. Surprisingly, this test revealed a clear preference for the alcoholcontaining meal (Fig. 5D) . Together, our results indicate that ethanol constitutes an attractive stimulus in the presence of food but not by itself. A possible explanation is that ethanol itself possesses an indifferent taste but confers a metabolic advantage, such as a concentrated source of calories. Flies therefore do not ingest it when presented in isolation, but upon sampling it in their food associate that particular meal with the acquired metabolic advantage. Alternatively, the specific combination of ethanol and food may represent an attractive gustatory stimulus. More work will be required to distinguish between these possibilities and elucidate the mechanism of the ethanol preference behavior.
We have shown that the CAFE assay can reliably measure short-and long-term food ingestion of individual or groups of flies, as well as identify both inhibitory and stimulatory effects of dietary compounds on appetite. Because the CAFE requires orders of magnitude less material than the addition of drugs to solid food and because it allows simultaneous monitoring of intake, it will represent a significant advance for drug screens, in which the quantity of reagents can be a limiting factor. The CAFE should be of great value for the analysis of genetic pathways and neuronal circuits that regulate appetite in Drosophila, such as the insulin-like signaling pathway, hugin, and neuropeptide F (24, 25) . Additionally, it should be adaptable to an automated, multi-CAFE, high-throughput format.
Materials and Methods
Preparation of the CAFE. The model used for these experiments was composed of two chambers (Fig. 1) . The inner chamber, containing the flies, was prepared by paring down a 1.5-cm diameter plastic vial to 2-cm length, with the bottom pierced to allow entry of water vapor and air from the outer chamber, a 50-ml conical tube filled with 30 ml of water. Calibrated glass micropipettes (5 l, catalog no. 53432-706; VWR, West Chester, PA) filled with liquid medium by capillary action were inserted through the cap via truncated 200-l pipette tips. For some experiments, a mineral oil overlay (Ϸ0.1 l) was used to minimize evaporation. Capillaries were replaced as needed. The long-term experiment in Fig. 3A was conducted under a 12-hlight/12-h-dark cycle in a room kept at 25°C and Ͼ70% humidity. The prandiology studies of Fig. 2 were conducted during the light period. The choice experiments in Fig. 5 were performed with two labeled capillaries, each containing a different food. Each experiment included an identical CAFE chamber without flies to determine evaporative losses (typically Ͻ10% of ingested volumes), which were subtracted from experimental readings. Average values Ϯ SE are given.
Flies and Media. All flies tested were Ϸ1-week-old males of the Canton Special (Canton-S) strain raised on the Lewis medium used at the California Institute of Technology (26) and transferred to the CAFE from this food. Except where otherwise specified, the liquid food used in the CAFE was 5% (wt/vol) sucrose ϩ 5% (wt/vol) autolyzed yeast extract (Bacto yeast extract; BD Diagnostic Systems, Franklin Lakes, NJ). All flies were habituated in the CAFE for 24 h, with ad libitum medium, before the measurements were started. The caloric content of the medium was calculated on the basis of the following values:
